The initial analysis of the recently sequenced genome of Acanthamoeba polyphaga Mimivirus, the largest known double-stranded DNA virus, predicted a proteome of size and complexity more akin to small parasitic bacteria than to other nucleo-cytoplasmic large DNA viruses, and identified numerous functions never before described in a virus. 
INTRODUCTION
The recent discovery and genome analysis of Acanthamoeba polyphaga Mimivirus, the largest known DNA virus, challenged much of the accepted dogma regarding viruses (1, 2) . Its particle size (>400 nm), genome length (1.2 million bp) and huge gene repertoire (911 protein coding genes) all contribute to blur the established boundaries between viruses and the smallest parasitic cellular organisms. Phylogenetic analysis placed the evolutionary origin of Mimivirus prior to the emergence of the extant eukaryotic kingdoms, raising the possibility that large DNA viruses might define a domain distinct from the three other domains of life, Eucarya, Archea and Bacteria (2) . The exceptionally large gene content of the Mimivirus genome, that includes key protein translation genes as well as a very diverse set of enzymes belonging to different metabolic pathways, is consistent with the hypothesis that Mimivirus (and other large DNA viruses) evolved from a free living organism through a genome reduction process akin to the one experienced by parasitic intracellular bacteria (3) (4) (5) . However, less radical scenarios have been proposed, such as the recruitment of numerous host acquired genes complementing a set of core genes common to all Nucleo-cytoplasmic large DNA viruses (NCLDVs) (6) .
In the latter case, the acquired open reading frames would require to be transferred with its own promoter, or be put under the control of a suitable viral promoter to function properly. These questions about the origin of the Mimivirus genes prompted us to systematically analyze the DNA sequences immediately 5'upstream of each of Mimivirus ORFs in search for transcriptional motifs. Unexpectedly, this analysis revealed the presence of the perfectly conserved octamer AAAATTGA in the putative core promoter regions of near half of all Mimivirus genes. The same analysis, applied to the genomes of other large DNA viruses, confirmed that such an homogeneity of the core promoter sequences is a unique characteristics of Mimivirus.
RESULTS & DISCUSSION

A highly conserved motif in the 5'upstream regions of Mimivirus genes
The annotation of the Mimivirus genome sequence defines 911 predicted protein coding genes, plus an additional set of 347 less convincing unidentified reading frames (URFs).
Intergenic regions have an average size of 157 nt with a standard deviation of 113 nt (excluding the two-tailed 5% most extreme data points). Starting from the predicted gene map, we searched for conserved motifs within the 150-nucleotide regions upstream of each of the predicted translation start codon (ATG) of the 911 genes. These subsequences were identified (i) as statistically over-represented short oligomers, or (ii) using the Gibbs sampler algorithm implemented in MEME (7) .
In contrast to the common difficulty of extracting well conserved signals from eukaryotic promoters (8), our results were unexpectedly clear cut: we found that 403 of the 911 (45%) predicted Mimivirus genes exhibited a strictly conserved AAAATTGA motif within their 150-nucleotide upstream region. The statistical significance of this finding in the context of the exact nucleotide composition of Mimivirus genome was assessed as follows. We cut the Mimivirus genome into 15752 consecutive 150-nucleotide long segments (using both strands) and counted the occurrences of the above motif in each of them. Only 661 (4%) of these segments were found to contain the AAAATTGA motif at least once. Such a strong preferential occurrence of this motif in the 5'upstream region of Mimivirus genes is indeed highly significant (Fisher Exact p< 10  -194 , for the table [(403,   911 )(661, 15752)]. Overall, 60% of the occurrences of this motif are located in front of a gene. Moreover, the distribution of the motif within these 5' upstream regions is non random, with most of them being located in a narrow range, between 50 and 110 nucleotides from the translation start ( Figure 1) . A sequence logo (9) including the flanking regions of these AAAATTGA motifs shows that they are preceded by 2-3 ATrich positions and followed by 8-9 AT-rich positions ( Figure 2 ).
The same set of 150-nucleotide upstream regions was also analyzed using the more sophisticated Gibbs sampler approach, as implemented in MEME (7). A position-weight matrix (PWM) that corresponds to a motif very similar to the previous AAAATTGA was identified (MEME motif; Figure S1 ). Using a score cutoff of 1000 (based on the bi-modal distribution of the PWM scores; supplementary Figure S2 ), 446 genes (49%) with a motif were detected. For comparison, only 464 (3%) of the above 15752 consecutive genomic segments exhibit the MEME motif (score≥1000 The presence/absence of the motif does not correlate with the intergenic distance
We verified that the occurrences of the AAAATTGA motif were not trivially linked to the distance between successive ORFs. Figure 3 shows that the proportion of genes exhibiting the motif is fairly constant across the whole range of intergenic distances, except for the smallest ones (< 60 nt). It is worth to notice that a fraction of these short distances might be artifactual, corresponding to cases where the proximal ATG does not coincide with the actual translation start. The net result of this artifact is to slightly minimize the number of genes exhibiting the AAAATTGA motif.
The motif significantly correlates with genes transcribed from the leading strand
We then examined other possible correlations between the presence of the AAAATTGA We also examined whether the presence of AAAATTGA motif might correlate with certain categories of gene functions (Table 1) . 157 Mimivirus genes can be associated to one of the COG (10) functional classes. We found that most translation-and transcription-related genes exhibited the AAAATTGA motif. This was also true of genes related to nucleotide transport and metabolism. In contrast, the motif was absent from the upstream region of most genes related to DNA replication, recombination, and repair as well as from genes classified in the cell envelope biogenesis / outer membrane COGs.
Overall, the upstream motif does not occur more frequently in front of genes associated with a functional annotations (88/232 = 38%) compared to anonymous ones (315/679 = 46%) (Tables S1).
NCLDV core genes and the AAAATTGA motif
Iyer et al. (6) identified a set of homologues genes which have been identified in all or most members of the four main NCLDV groups: Iridoviridae, Asfarviridae, Phycodnaviriae and Poxviridae. Some of these "core" genes are also found in baculoviridae and phages. These core genes are divided in 4 classes, from the most to the least conserved. Remarkably, we found that none of the 9 class I core genes found in the MEME motif (Table S2) . In contrast, all but one of the six class II core genes have the octamer motif and the MEME motif. The motif distribution for the class III (7 /11) and Class IV (10/16) core genes is more balanced. However, none of the above distributions significantly differ from 446/911 ratio observed for all Mimivirus genes (Fisher exact test p-value>0.1).
The presence of such a highly conserved 5' upstream motif is unique to Mimivirus
For many years, the 5' upstream region of eukaryotic genes has been under intense scrutiny in many different organisms from different kingdom (e.g. fungi, plant and metazoan) in an attempt to decipher the sequence-based signal involved in the initiation and the regulation of the transcription process (11, 12) . The sole common result that emerged from these numerous studies is that sequence conservation is the exception rather than the rule in the 5'upstream regions of eukaryotic genes (13, 14) . Other recent studies have confirmed this lack of conservation in several lineage of parasitic protists (15) . However, large eukaryotic DNA viruses have been much less studied than their cellular counterparts. The analysis as applied to the Mimivirus genome was thus performed on the genomes of NCLDVs of the Iridiviridae, Phycodnaviridae, and Poxviridae families, to establish the pattern of sequence conservation in the 5'upstream regions of their genes. Our results show that none of these other NCLDVs exhibit a pattern of conservation comparable to the one observed for Mimivirus (Table S3) 14 out of 231 (6%) Fowlpox (FOP, Poxviridae) genes, and 10 of 218 (4.5%) Amsacta moorei entomopoxvirus (AME, Poxviridae) genes also exhibit this motif. In all other
NCLDVs less or no occurrences of this motif were detected. Note however, that 47 of the 218 (22%) AME genes display a conserved TTTTGAAA motif (Table S3) . Such a compact promoter/3'UTR structure has been observed in amitochondriate protists such as Giardia intestinalis or Entamoeba histolytica (15) . The sequences of the TATA box-like element of these protozoa are also different from the 5'-TATATAAG-3' consensus identified in the other eukaryotic kingdoms. Accordingly we propose that the AAAATTGA motif found in 50% of Mimivirus intergenic regions is the virus TATA box-like motif.
Mimivirus TATA box-like motif is not prevalent in amoebal organisms
Interestingly, the Mimivirus TATA box-like motif does not bear a particular resemblance (Table 1 ). According to this scenario, the corresponding genes could be transcribed in the host cytoplasm. Conversely, the AAAATTGA motif is preferentially absent from the promoter of Mimivirus genes encoding "late" functions such as DNA replication and particle biogenesis and assembly (Table 1) . These genes could be transcribed in the host nucleus. More genomic data on amoebal species, other protozoa, and their associated viruses is now needed to better understand the evolutionary scenario through which the unique promoter structure of Mimivirus genes might have emerged. Our findings can now be used to guide the experimental characterization of Mimivirus transcription units, and identify the transcription factors involved in the recognition of its uniquely conserved promoter element. Table 1 : Number of 'COGed' Mimivirus genes with or without conserved AAAATTGA motif (only COG classes that contain at least 3 Mimivirus genes are shown). Numbers corresponding to genes with or without a MEME motif are given in brackets. The sequence logo (based on 400 genes with a strictly conserved AAAATTGA motif ; 3 genes with a motif that is less than 20 nt from the predicted translation start were not included in the computation of this logo) shows the conserved AT-rich neighborhood of the exactly conserved AAAATTGA octamer (see Figure S1 for the corresponding logo of the MEME motif). Table S1 : List of functionally annotated Mimivirus genes. Genes with an AAAATTGA and a MEME motif in the 150nt upstream region are marked by 'X'; genes that display only a AAAATTGA motif by 'A'; genes with only a MEME motif by 'M'. Table S2 : List of Mimivirus NCLDV core gene set members with and without the AAAATTGA motif; annotation of the presence or absence of a motif is as in Table S1 . 
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